We present a microcavity solid polymer dye laser based on a single mode planar waveguide. The all-polymer device is self contained in the photo definable polymer SU-8 and may therefore easily be placed on any substrate, and integrated with polymer-based optical or microfluidic systems. As the active medium for the laser we use the commercially available laser dye Rhodamine 6G which is incorporated into the SU-8 polymer matrix. The single mode slab waveguide is formed by a 3-step spin coating deposition: a buffer layer of un-doped SU-8, a core layer of SU-8 doped with Rhodamine, and a cladding layer of un-doped SU-8. The refractive index increases with Rhodamine concentration, and the difference between the un-doped buffer and cladding layers and the doped core layer is fine tuned to 0.001, allowing a large gain volume.
INTRODUCTION
Optical techniques are often used for chemical and biochemical analysis in "lab-on-a-chip" (LOC) microsystems. The vast majority of such microsystems are based on external light sources and/or combinations of components of many different material systems. This makes these systems very sensitive to noise and drift caused by thermal expansions and vibrations. 1 Furthermore, the coupling of optical signals in and out of the device is one of the major challenges in integrated optics. Pig-tail coupling of optical fibers to the micro-chip is a widely used approach, but costly and complex both in terms of fabrication and handling. Two subjects have been identified as key issues for the further development of LOC systems: polymer based systems and integration of light sources into the LOC systems. 2 Polymers are in general the material of choice for lab-on-a-chip microsystems. 3 These materials may be synthesized with high chemical resistance, they offer wide possibilities for functionalization, and may be processed at relatively low cost. However, the integration of light sources would in most cases involve hybridization. The kind of device presented in this article greatly reduces the complexity of the system since many alignment issues are eliminated and one single low cost material (polymer) may be used for both the laser device, and for waveguides and microfluidic systems.
Dye lasers
4 have during the past nearly 30 years been widely applied for spectroscopy in the visible range. Miniaturized dye lasers, integrated in LOC microsystems, would similarly have numerous applications. Kaminov et al. 5 presented a millimeter-sized dye doped PMMA device based on distributed feedback by UV-induced refractive index changes. Hu et al. 6 also demonstrated a millimeter-sized solid state dye laser by casting Rhodamine into a matrix of polyurethane. Recently, lasing devices based on organic light emitting materials have also attracted much attention.
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The laser design presented here is based on a single mode planar waveguide structure, 8 involving a multi-layer polymer film, and is not subject to any restrictions concerning the substrate (see Fig. 1 ). The polymer used is the negative tone photoresist SU-8.
9, 10 Since the laser cavities are defined in a photo lithographic process, the lateral design is not imposed by any restrictions but the mask layout. The commercially available laser dye Rhodamine 6G Cl 11 is used as the active medium, and is incorporated into the SU-8 polymer matrix. To realize this, we have investigated the effect of the Rhodamine doping concentration in SU-8 on the refractive index (see Fig. 2 ). We have fabricated a triple-layer sandwiched structure in SU-8 with different refractive indices, resulting in a single mode symmetric slab-waveguide structure. By fine-tuning of the refractive index of SU-8 through Rhodamine doping, the refractive index step between the dye doped core and un-doped buffer and cladding layers may be tuned to app. 0.001 (n core 1.593, n clad =n buffer 1.592 at 633 nm). This allows for a single-mode waveguide with a thickness of the core layer of up to 5 µm, ensuring a large optical gain volume. In a preliminary study 12 a similar type of device has been presented, where a 1-10 µm thick film of dye doped SU-8 was placed directly on a SiO 2 substrate. Due to the large difference in refractive index (n SU−8 =1.593, n SiO2 =1.458, n air =1), multiple propagating TE-TM modes were supported by the planar waveguide.
By merely changing the lateral geometry of the cavities, we demonstrate that the lasing wavelength may be changed more than 10 nm using the same pumping laser and dye. Hence, it is possible by simple means to enhance the functionality of a LOC system by integrating a multi-colored laser array.
LASER DESIGN
The laser structure has the lateral shape of a trapezoid and relies on total internal reflection at the SU-8-air interfaces at three of the vertical cavity walls, and light is coupled out at the fourth cavity wall (see Fig. 3 ). We characterize the trapezoid by the side length L of the base, the height h and the angle α. These three parameters determine the angles of incidence θ 1 , θ 2 , θ 3 , and the geometric path-length l of the closed round-trip loop. Three examples of closed round-trip loops are indicated in the figure; R, R and R . This class of round trips all have the same geometric path-length l, and thus supports the same lasing modes.
The devices presented in this article all have identical angles, but five different sizes resulting in different round trip lengths have been realized and tested. Table 1 shows the dimensions of the five lasers. It should be noted that the critical angle (given by Snell's law) is 39.0
• , i.e. for the angles θ 1 , θ 2 , θ 3 total internal reflection occurs. At the fourth sidewall the angle of incidence is slightly below the critical angle and a portion of the light is coupled out. Note that the power reflection given is Table 1 is different for the two polarization directions, indicating that the the orthogonally polarized light has the lowest loss and will thus be the only one supported by the cavity at low to moderate pumping energy. This has also been verified. The physical restrictions of the laser cavities determine the longitudinal and transversal modes of the laser. The longitudinal modes are given by the round trip length, l, much as in the case of a simple Fabry-Perot cavity. To obtain a laser structure with a single transversal mode, we have realized a symmetric slab waveguide 8 supporting a single propagating TE-TM mode. The number of propagating modes can be calculated from the condition 8 Figure 4 . The (normalized) E-field (x-axis) in the triple-layer SU-8 structure for ∆n = 0.001 and core layer thickness tg = 4 µm. Note that app. 10 µm outside the core layer, the strength of the E-field is negligible i.e. to achieve low optical loss the buffer and cladding layers should be > 10 µm.
were ∆n (=0.001) is the refractive index difference between the core layer and cladding/buffer, m is the mode number for the propagating TE-TM mode, λ 0 (app. 560 nm) is the vacuum wavelength and t g is the thickness of the guiding core layer. It is desirable to have a thick dye doped core layer giving a large active volume and high gain, but at the same time allowing only one transversal mode. This requires a small ∆n.
As can be seen from the expression for the modes above, it is the difference between the two refractive indices rather than the absolute values that is important for determining the mode cutoff. By fine-tuning the Rhodamine concentration (we use app. 3.2 µmol Rhodamine per gram of solid SU-8) we may achieve a ∆n as small as 0.001. This gives a maximum thickness of 4.96 µm for the core of the waveguide to have only a single propagating mode. A simulation of the E-field in the single mode waveguide can be seen in Fig. 4 . Here it should also be noticed that the field is relatively strong all over the core layer. This means that the field is strong in the entire active (Rhodamine containing) region, leading to a high gain in the only available mode.
The output wavelength of the device may be tuned by more than 10 nm. Once a specific device has been fabricated it will emit light only in a specific wavelength range. But following the derivations in, 4 the gain maximum, and hence the lasing wavelength may be altered by changing the roundtrip length, dye concentration or the reflectivity (i.e. the quality factor). By increasing either of these factors, the lasing wavelength is increased. In our devices, changing the thickness of the dye doped core layer is equivalent to changing the overall dye concentration in the region where the light propagates, since an increase of layer thickness is seen by the propagating mode as an increase of the number of dye molecules. The dye concentration or the layer thickness may easily be altered for the core layer. This means however that an additional spin coating process must be performed during the fabrication to incorporate devices of varying wavelength on the same chip. The roundtrip length may be altered by simply varying the size of the device, and by this method devices emitting at different wavelengths may be fabricated in the same lithography step. Both methods of varying the output wavelength have been verified, and in this article we present investigations from devices with varying roundtrip length.
FABRICATION
The Rhodamine doped SU-8 is prepared by dissolving a small amount of Rhodamine 6G Cl 11 into SU-8 thinner which is subsequently mixed into an SU-8 resist to get a final concentration of 3.2 µmole Rhodamine per gram Proc. of SPIE Vol. 5707 211 of solid SU-8. SU-8 resist and thinner is used as supplied by the manufacturer.
10
The different layers in the device are realized in a standard spin-on process (see Fig. 5 ). First the buffer layer of pure SU-8 is spin-coated onto the substrate (a cleaned Silicon wafer) and the polymer is soft-baked on a hotplate at 90
• C for 2 min to evaporate the solvent. Then the core layer (i.e. the SU-8 doped with Rhodamine) is spin-coated and again the sample is soft-baked (this time 1 min at 90
• C). Finally the cladding layer of un-doped SU-8 is spin-coated and soft-baked (again 2 min at 90
• C). The buffer and cladding layers each have a thickness > 10 µm, making these layers thick enough to confine the light with negligible loss (see Fig. 4 ). The spin-speed and the viscosity of the SU-8 define the thickness of the individual layers. The laser devices are then defined in a single optical lithography step, where all three layers are exposed and developed simultaneously. Fig. 6 (a) shows an image from an optical microscope of the finished device as seen from the side. The triplelayer lasers have also been integrated with un-doped SU-8 waveguides. First the triple-layer laser is fabricated as described above. Then a new layer of un-doped SU-8 is spin-coated over the substrate, and a second mask with waveguides is aligned to the lasers, and the result can be seen in Fig. 6 
(b).
A well known problem when using an i-line source to expose SU-8 is the over-exposure of the upper surface due to the enhanced absorption at shorter wavelengths. effect on many optical devices, but is eliminated in the triple-layer SU-8 structure since the core layer that guides the light is located at least 10 µm below the top surface. Furthermore, this fabrication process allows for placing the core layer of the laser at any altitude over the substrate surface, simply by varying the thickness of the buffer layer.
OPTICAL CHARACTERIZATION
For optical characterization the microcavity dye lasers are optically pumped by a pulsed (6 ns pulses at 10 Hz) frequency doubled Nd:YAG laser (Continuum Surelite I-10) emitting at 532 nm. The pumping laser beam is coupled into the dye-doped SU-8 microcavities through the top surface, and the output from the polymer dye lasers is emitted in the plane parallel to the substrate, as outlined in Fig. 1 . The output light is collected by a multimode optical fiber with a 200 µm core diameter, placed within one centimeter from the sample, in the plane of the sample. The light is analyzed by a fixed grating spectrometer (AVS-USB2000 from Avantes).
The five devices described in table 1 are characterized, and they are identified by the roundtrip length l. Note that the core layer thickness of all the devices in table 1 is below the limit for supporting only a single transversal TE-TM mode, and thus only the longitudinal modes should be observed. 2 ) with a cavity round trip length of l = 470 µm. Also here only one transversal mode is present. The measured mode separation ∆λ is app. 0.39 nm, which is in good agrement with the expected value of ∆λ = 0.417 nm. Fig. 8 illustrates the dependence of the laser wavelength on the size of the laser, showing a decreasing wavelength for decreasing laser size as expected. Note that the individual longitudinal mode peaks are not resolved for the three largest lasers, resulting in seemingly continuous spectra. The spectrum from the laser with a round trip length of l = 470 µm from Fig. 7 (b) has not been included in Fig. 8 since the core layer in this device was smaller than in the others (see table 1), resulting in a shorter lasing wavelength as discussed above.
The pump energy thresholds for the lasers depend on their size. This may be ascribed two reasons: First, the corners of the trapezoids are never perfectly sharp due to resolution limitations in the fabrication process. This introduces diffraction losses at the corners, and for the smaller lasers the corners occupy a relatively larger part of the lasers than for the larger lasers. Second, when the gain length increases compared to constant losses the threshold will also become lower. The lasing thresholds were determined by identifying the change of slope of the dye laser output vs. pump pulse energy curve (as indicated in the inset of Fig. 8 ). For the smallest devices it was not possible to identify a clear change of slope, and the lasing threshold for these were determined by identifying the appearance of the laser lines in the spectra during increased pumping. Table 2 shows the five lasers and their characteristics. The pump threshold for the l = 470 µm laser is higher than expected relative to the other lasers. We ascribe this to the thinner core (d core = 2.5 µm) resulting in a lower average dye concentration as seen by the mode field. Due to the low output energy from the lasers, it was not possible to measure their efficiency. The efficiency of a similar device 14 has been measured to be of the order of 0.1%. It has been shown for other polymers, e.g. PMMA, [15] [16] [17] that the fluorescence in laser dyes is bleached during operation. We have investigated the photo-bleach lifetime of the Rhodamine in SU-8. Fig. 9 (a) shows the normalized fluorescence output from a Rhodamine doped SU-8 film on a gold surface, as function of number of pump pulses from the Nd:YAG laser. The main reasons for bleaching is generally considered to be attributed to chemical reactions between the excited dye molecules and either the polymer matrix, impurities (e.g. oxygen), or with other dye molecules. This effect is generally attributed to the small but unavoidable mobility of the reacting agents in the medium, and the mobility may be increased by local heating of the polymer during pumping due to the poor heat dissipation in polymers. The polymer is transparent at the pumping wavelength, but heat is generated during the fast vibrational transitions in the dye molecules during the excitation-emission process. This is supported by the results shown in Fig. 9 (b) , where it is seen that the bleaching rate is lowered as the pump rate is lowered, giving the accumulated heat more time to dissipate. The bleaching rate of Rhodamine 6G in SU-8 is in the same order of magnitude as reported for other polymers.
14, 17 By using a pump laser with 6 ns pulses, we also reduce the probability of triplet quenching of the fluorescence to a level where it may be neglected, since the time scale for intersystem crossings from singlet to triplet states is in the range of 100-150 ns for Rhodamine. It has been reported that the bleaching of a dye in a polymer may be reduced by having a more rigid polymer matrix structure, which would reduce the mobility of the agents involved in the bleaching process. This could be achieved by e.g. crosslinking. 15, 18, 19 Since SU-8 is a negative tone photoresist and is crosslinked during photolithography, this would imply a higher resistance to bleaching of a dye in SU-8 compared to other polymer hosts. The bleaching rate of Rhodamine 6G in SU-8 is however in the same order of magnitude as reported for other polymers.
14, 17 An attempt to enhance the crosslinking of the SU-8 matrix by an additional post exposure hard bake at 150
• C has been attempted, but no conclusive results for increased lifetime have been observed.
It has also been reported that the life-time of dye-doped polymers may be increased by using a dye with an anion of larger volume, 4, 15, 20 by using e.g. Rhodamine 6G ClO 4 instead of Rhodamine 6G Cl. We have previously reported an increased thermal stability of Rhodamine 6G ClO 4 in PMMA, 14 but we have not been able to verify an increased life-time in SU-8.
Bleaching of the Rhodamine limits the lifetime of the lasers, but considering the safety of having the dye incorporated into the polymer (compared to liquid dye lasers) and the simple and cheap fabrication and alignment, these lasers may be attractive for single use LOC applications.
CONCLUSION
We present an all-polymer micro-cavity laser, self contained in SU-8 with Rhodamine 6G as the active medium. The laser may be placed on any substrate and may easily be integrated into silicon or polymer based Lab-on-a-chip systems, thereby avoiding any time-and cost-consuming alignment and/or hybridization steps. The device is fabricated in a single optical lithography step, and alignment is achieved during fabrication.
The laser is based on a single mode planar waveguide, achieved by a triple layer SU-8 structure consisting of a Rhodamine doped SU-8 layer as the core layer and pure SU-8 as buffer and cladding layers. The Rhodamine not only acts as active medium in the laser but also increases the refractive index of the SU-8 by 0.001 to achieve the guiding layer.
The lasers are characterized with respect to mode structure, wavelength tunability, and dye bleaching.
